The stability of the oxidized and reduced forms of three homologous cytochromes c from two thermophiles and one mesophile was systematically monitored by means of Soret absorption measurements in the presence of various concentrations of a denaturant, guanidine thiocyanate, at pH 7.0 at 25 C. Thermophilic Hydrogenobacter thermophilus cytochrome c 552 was the most stable in both redox states, followed by moderately thermophilic Hydrogenophilus thermoluteolus cytochrome c 552 , and then mesophilic Pseudomonas aeruginosa cytochrome c 551 . Further stability and electrochemical analysis of the three proteins and the reciprocal variants, which exhibited a different hydrophobic interaction with the heme, showed that the one with the higher stability in both redox states had the lower redox potential. Consequently, these cytochromes c probably adapted to the cellular environments of the original bacteria with correlated stability and redox potential constraints, which are in part regulated by the hydrophobicity around the heme.
Oxidation and reduction of cytochrome (cyt) lead to energy metabolism and chemical catalysis. An important functional characteristic of cyt is its redox potential (E m ), which is determined by the molecular environment surrounding the heme cofactor, such as axial ligands, heme solvation, etc.
1) The E m values of cyts range between about À400 and +400 mV versus a standard hydrogen electrode (SHE), 2) and that of the free heme is À200 mV. This variation in the E m value should reflect a greater physiological adaptability of cyts.
Protein stability is also an important feature of cyts, since they are distributed in various organisms, some of which have adapted to extreme environments. Therefore, during molecular evolution, cyt is likely to have become optimized in terms of stability, in addition to its redox potential. To date many denaturation experiments on cyts have been carried out. The oxidized form is reversibly denatured by heat, guanidine hydrochloride (GdnHCl), and urea through a two-state process. In contrast, it is not feasible to carry out denaturation experiments on the reduced form.
3) This is because reduced cyts (especially the c-type) are so stable that harsh conditions such as temperatures over the boiling point of water are required for complete denaturation, which makes biophysical characterization under standard conditions difficult.
Among the diverse family of cyts, mono-heme cyt c is one of the best-characterized proteins. We have carried out a systematic study of protein stability using three homologous mono-heme class ID cyts c: 4) cyt c 552 (HT c 552 ) from thermophilic Hydrogenobacter thermophilus, which grows optimally at 72 C, cyt c 552 (PH c 552 ) from moderately thermophilic Hydrogenophilus thermoluteolus growing at 52 C, and cyt c 551 (PA c 551 ) from mesophilic Pseudomonas aeruginosa growing at 37 C. 5) These three proteins exhibit more than 50% sequence identities and similar main chain structures ( Fig. 1 ; their root mean square deviation values are within 1 Å ), but the stability of their oxidized forms against thermal and GdnHCl-induced denaturation are significantly different. 6) The thermal stability of reduced HT c 552 and PA c 551 has already been measured, the denaturation temperatures being over 100 C, 7, 8) and their E m values have been determined. PH c 552 , which exhibits intermediate stability among the three proteins in the oxidized state, has not been characterized yet in terms of the stability of the reduced form or of electrochemistry.
The aim of the present work was to find a correlation between the protein stability and redox potential of homologous cyts c, using naturally occurring HT c 552 , PH c 552 , and PA c 551 from two thermophiles and one mesophile. For this purpose, we established a method of monitoring the stability of the reduced forms and compared the results with those for the oxidized forms. As we had to perform complete denaturation experiments, we used guanidine thiocyanate (GdnSCN), a stronger chemical denaturant than GdnHCl. Furthermore, mutational and electrochemical studies were carried out systematically under the same experimental conditions, pH 7.0 and 25 C.
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Materials and Methods
Protein preparation. The HT c 552 , PH c 552 , and PA c 551 wild-type proteins, and the reciprocal variants, HT c 552 I78V, PH c 552 V78I, and PA c 551 V78I, were prepared by the method previously described. 6, 9, 10) We adopted the residue numbering system used for PA c 551 for clarity. The proteins were overexpressed with co-transformed pEC86 carrying the ccmABCDEFGH genes in Escherichia coli JCB387 cells and isolated from periplasmic extracts. The proteins were purified by HiTrap Q and Hi-Trap SP column chromatography (GE Healthcare, Piscataway, NJ) with a sodium chloride concentration gradient (0-500 mM), as described previously. 6, 9, 10) Finally, gel-filtration chromatography was performed on a Superdex 75 column (GE Healthcare, Piscataway, NJ) equilibrated and eluted with 25 mM sodium acetate buffer, pH 5.0.
GdnSCN-induced denaturation. The stability of air-oxidized HT c 552 , PH c 552 , and PA c 551 and the variants against a chemical denaturant was assessed by means of GdnSCN-induced denaturation experiments. The GdnSCN concentration ([GdnSCN]) was determined using the refractive index measured with a refractometer (Reichert, Boston, MA).
Since GdnSCN disturbs far UV circular dichroism spectra, which are usually used to monitor protein denaturation, the absorption spectra (200 to 800 nm) of the protein samples were measured using a 1-cm path length cuvette in a JASCO V-530 spectrophotometer (Jasco, Tokyo) at 25 C. In order to equilibrate the proteins with GdnSCN, 10 mM protein solutions were incubated in 20 mM sodium phosphate buffer (pH 7.0) with various GdnSCN concentartions at 25 C for 2 h before measurement. The stability of the reduced forms was similarly measured after dissolving a few grains of sodium dithionite to prevent auto-oxidation. Reversibility was verified by simple dilution of a tested sample and measurement of spectra for both redox states.
Nonlinear least-squares fitting of the data was performed according to a previously described method.
9) Data points were corrected for the slope of the baselines for the native and denatured forms, and normalized to calculate the fraction of protein denatured. The fraction denatured was plotted as a function of the GdnSCN concentration (examples are shown in Fig. 4A, B) . The GdnSCN-induced denaturation profiles were analyzed using a two-state model, and the free energy changes between the native and denatured states of the oxidized and reduced proteins (ÁG ox and ÁG red respectively) were calculated as described by Pace and Shaw.
11) The free energy changes of the oxidized and reduced proteins in water (ÁG ox N-D and ÁG red N-D respectively) and the dependence of ÁG ox and ÁG red ðmÞ on the GdnSCN concentration were determined by least-squares fitting of the data in the transition region using the equations
for the oxidized forms, and similarly, ÁG red ¼
for the reduced ones. The midpoints of the GdnSCN-induced denaturation (C m,ox and C m,red ) were taken as the GdnSCN concentrations, at which the ÁG ox and ÁG red values became zero.
Cyclic voltammetry (CV).
The procedures used to obtain cyclic voltammograms of HT c 552 , PH c 552 , PA c 551 and their variants were essentially the same as those described previously. 12) CV experiments were performed with a Potentiostat-Galvanostat PGSTAT12 (ECO CHEMIE, Utrecht, Netherlands). A glassy carbon electrode (GCE) was polished with a 0.05-mm alumina slurry and then sonicated in a deionized water bath for 1 min. The protein solutions (2 ml, 1 mM) in 20 mM sodium phosphate buffer, pH 7.0, were spread evenly with a microsyringe over the surface of the GCE. Then the GCE surface was covered with a semipermeable membrane. An Ag|AgCl electrode in a saturated NaCl solution and a Pt wire were employed as the reference and counter electrodes respectively. The potential sweep range was +350 to À150 mV vs. the Ag|AgCl electrode in a saturated sodium chloride solution with a scan rate of 20 mV/s. All the experiments were performed at 25 C under an N 2 atmosphere. From the observed redox potentials (E), midpoint redox potential (E m ) values relative to the SHE were determined from the averages of the reductive and oxidative peak potentials (examples are shown in Fig. 5 ).
Materials. GdnSCN (biochemistry grade) was purchased from Kanto Chemical (Tokyo). All the other chemicals used were of the highest grade commercially available.
Results and Discussion

GdnSCN-induced changes in absorption spectra
The absorption spectra (360 to 440 nm) of the airoxidized HT c 552 , PH c 552 , and PA c 551 wild-type proteins in the presence of various GdnSCN concentrations at pH 7.0 and 25 C are plotted in Fig. 2A , B, and C. This shows the spectral changes, exhibiting that the Soret absorption blue-shifted with increases in the GdnSCN concentration. The existence of isosbestic points (arrow heads in Fig. 2A , B, and C) for these three proteins indicates that the observed GdnSCN effect can be described as a simple two-state process. The three variants, HT c 552 I78V, PH c 552 V78I, and PA c 551 V78I, show similar absorption changes as to the respective wild-type specifically depending on the GdnSCN concentration (data not shown).
Difference spectra were obtained by subtraction of the spectra in the absence of GdnSCN from those in the presence of various GdnSCN concentrations; there was a positive peak at 400 nm and a negative one at 416 nm (Fig. 2D, E, and F) . The GdnSCN-induced denaturation of the oxidized forms was sharply reflected in the GdnSCN concentration dependence of the 400-nm peak, which was used to monitor denaturation. Figure 3 (panels A, B, and C) shows the GdnSCNinduced changes in the absorption spectra (400-450 nm) of the reduced forms of the three wild-type proteins. A single Soret absorption at 416 nm was observed over the GdnSCN concentration range tested. The isosbestic point (arrow heads in Fig. 3A , B, and C) was observed for all three wild-type proteins, indicating a simple twostate process during GdnSCN-induced denaturation. The three variants showed the same peak, each depending specifically on the GdnSCN concentration (data not shown). The denaturation of the reduced forms was reflected in the 430-nm peak in the difference spectra (Fig. 3D, E, and F) , which was used to monitor the denaturation.
Ile-78
Val-78 By following the specific peaks, GdnSCN denaturation of cyts c can be measured in both redox states. It is notable that the highly stable reduced HT c 552 can be denatured below the limit of GdnSCN solubility at 25 C. Therefore, the method established here should be applicable to other heme-containing proteins exhibiting different absorption spectra in the two redox states.
Stability analysis can be performed for both redox forms under ambient temperature conditions.
GdnSCN-induced denaturation of oxidized forms
The GdnSCN-induced denaturation curves of the oxidized forms of the HT c 552 , PH c 552 , and PA c 551 wild-type proteins and their variants are shown in (Table 1) . These values are significantly smaller than those obtained in our previous GdnHCl-induced denaturation experiments on the oxidized forms, 6, 9, 10) confirming that GdnSCN is a stronger denaturant than GdnHCl, as reported previously.
13) The ÁG ox N-D values obtained in the GdnSCN-induced denaturation experiments for HT c 552 , PH c 552 , and PA c 551 were 45.5, 30.7, and 14.8 kJ/mol respectively (Table 1) . These results together indicate that HT c 552 was the most stable, followed by PH c 552 and then PA c 551 , against GdnSCN-induced denaturation in their oxidized states, which is also the case during GdnHCl-induced denaturation. 6, 9, 10) Substitution of Ile-78 with Val in oxidized HT c 552 decreased stability against GdnSCN-induced denaturation, as manifested in decreases in both the C m,ox and ÁG ox N-D values relative to those for the wild-type protein, while the reverse Val-78 to Ile mutation in PH c 552 and PA c 551 caused increased stability (Table 1) . These reciprocal effects of the I78V and V78I mutations into the oxidized forms of the three proteins on protein stability are consistent with previous results of GdnHClinduced denaturation experiments. 9, 10, 14) Structural and mutagenesis studies have shown that the Ile residue at position 78 forms a heme pocket architecture in HT c 552 (Fig. 1) and is one of the amino acid residues responsible for the high stability of its oxidized form against GdnHCl-induced and thermal denaturation through a hydrophobic interaction with the heme. 10) In both PH c 552 and PA c 551 , the amino acid residue at position 78 is Val, the side chain of which is smaller than that of Ile, and thus it is hydrophobically disadvantageous for stability as compared with Ile. 9, 14) GdnSCN-induced denaturation of reduced forms Figure 4B shows the GdnSCN-induced denaturation curves for the reduced forms of the HT c 552 , PH c 552 , and PA c 551 wild-type proteins and their variants. Similarly to the results for the oxidized forms, the denaturation curves were S-shaped, which indicates a two-state denaturation process. The C m,red and ÁG red N-D values revealed that the order of stability among the three wild-type proteins in the reduced forms was the same as that observed for the oxidized forms ( Table 1) .
The effects of the reciprocal V78I and I78V mutations in the three proteins were also examined for the reduced forms. The differences in the ÁG red N-D value between the HT c 552 wild-type and I78V variant, and the PA c 551 wild-type and the V78I variant (Table 1) , were within the experimental error, and hence we cannot evaluate the effects of these mutations in terms of the free energy change. However, the C m,red values show that the I78V mutation in HT c 552 and the V78I mutation in PA c 551 caused decreased and increased stability respectively, similarly to the results for the oxidized forms. As to PH c 552 , the V78I mutation caused significantly increased stability in terms of the C m,red and ÁG red N-D values (Table 1) , which is also consistent with the results for the oxidized form. These results together suggest that the reciprocal V78I and I78V mutations in the reduced forms of the three proteins affect stability similarly to those in the oxidized forms.
Stability comparison between the oxidized and reduced forms
GdnHCl-induced denaturation experiments have been performed on the reduced form of HT c 552 , but the protein was not denatured completely even with 6 M GdnHCl, 15) and thus the thermodynamic parameters of the denaturation have not been obtained. In this study, we were able to monitor the denaturation of reduced HT c 552 using GdnSCN as a denaturant, and this facilitated stability comparison between the two redox forms of HT c 552 as well as less stable PH c 552 and PA c 551 and their variants.
The present results indicate that the reduced cyts c are more stable than the respective oxidized forms (Table 1 ). This observation is consistent with those for other heme proteins with a single domain. 16, 17) Since the X-ray crystal structures of the oxidized and reduced PA c 551 proteins are significantly identical (Protein Data Bank codes: 351C for the oxidized form and 451C for the reduced form), it is unlikely that the higher stability of reduced PA c 551 is due to the static conformational difference in the polypeptide chain. A similar situation occurs in the homologous HT c 552 and PH c 552 proteins. The increased stability upon one-electron reduction of the present proteins should be attributed to an as-yet undefined local environment near the heme, as observed in Paracoccus denitrificans cyt c. 18) More elaborate microcalorimetry and hydrogen exchange studies of the three cyts c should eventually lead to a dynamic and systematic explanation of the overall stability differences between the two redox forms.
Relationship between redox potential and stability We also attempted to correlate the stabilities with the redox potentials of the HT c 552 , PH c 552 , and PA c 551 wild-type proteins and their variants. Electrochemical analysis was performed through CV experiments, which revealed clear redox responses for the cyts c tested (Fig. 5) . They had positive E m values (Table 1) , signifying by the definition of E m that the reduced native forms are more stabilized than the oxidized native ones.
On comparison of the E m values (Table 1) of the three wild-type proteins, that of PA c 551 was found to be the highest (273 mV), followed by that of PH c 552 (270 mV), and then that of HT c 552 (237 mV). Although the E m values of PA c 551 and PH c 552 were not significantly different, that of HT c 552 , with the highest stability in the two redox states, was lower than the others. These findings reveal a tendency to the effect that the higher stability of the oxidized and reduced forms of the three naturally occurring cyts c correlates with the lower E m value.
The last statement above is supported by the results of the present mutation analysis of the various proteins. The V78I mutations in PH c 552 and PA c 551 , causing increased stability in both redox states, resulted in significantly decreased E m values as compared with those of the respective wild-type proteins, and the stability-decreasing I78V mutation in HT c 552 resulted in a significantly increased E m value ( Fig. 5 and Table 1 ). Since Ile-78 in the most stable HT c 552 wild-type protein was in more favorable hydrophobic contact with the heme than the Val-78 of less stable PH c 552 and PA c 551 (Fig. 1) , our present results suggest that hydrophobicity around the heme regulates both the stability and the redox potential in the three homologous cyts c.
Conclusion and Perspectives
Systematic analysis of redox potential regulation has been carried out using a variety of cyts with different protein folds, 1) the PA c 551 examined in the present study included. Here we expanded the target materials to the HT c 552 and PH c 552 proteins, homologous to PA c 551 , all of which are clustered with class ID cyts c. Furthermore, we applied a new experimental viewpoint to these cyts c: protein stability in both redox states. Through this approach, one can examine the correlation between stability and redox potential, both of which at least in part depend on the hydrophobicity around the heme.
Among the bacteria having class ID cyts c, the growth temperature of P. aeruginosa (a PA c 551 producer) is the lowest, while those of H. thermophilus (a HT c 552 producer) and H. thermoluteolus (a PH c 552 producer) are the highest and intermediate respectively. It is plausible that the three cyts c tested in this study have adapted to the cellular environments of the original bacteria with correlated stability and redox potential constraints. The three bacteria in this study represent the whole range of growth temperatures, within many bacteria having class ID cyts c. Further collective study of other class ID cyts c should support the present finding of a correlation between protein stability and redox potential.
It is of interest whether the present correlation is applicable to other class I cyts c. Validity in the present correlation might be proved by further individual observations using a variety of class I cyts c. At present, we know that the several mitochondrial soluble monoheme cyts c (class IB), which are apparently isolated from the mesophiles, exhibit almost the same stability and E m value (+235 mV). 19) It is likely that the somewhat conserved environment of mitochondria in eukaryotic cells can maintain the conserved cyt c interior around the heme. For further examples in an expanded range of growth temperatures, we are currently examining class IE cyts c isolated from mesophilic Shewanella amazonensis and psychrophilic Shewanella violacea, 20) which grow optimally at 35 and 8 C respectively.
